Introduction
The advent of Free Electron Lasers (FELs) opened up the way to an unprecedented, wide class of experiments exploiting the peculiar features of these radiation sources. Key elements are the high peak brilliance that can be higher than 10 27 photons/(s mm 2 mrad 2 0.1% bandwidth) and the short pulse duration, which is of the order of tens of femtoseconds. FELs can therefore allow high time resolution measurements and may provide a high signal-to-noise ratio. By exploiting the high peak brilliance and the extremely short FEL pulses the so-called diffract-and-destroy regime, in which interpretable data are gathered before the sample is destroyed by the FEL pulse radiation [1] , can be explored, overcoming one of the main limitations of synchrotron radiation based experiments, namely sample radiation damage. This idea has been proven in several experiments on various samples, both biological [1] [2] [3] [4] [5] [6] and non-biological [7] , at different wavelengths ranging from the UV to the hard X-rays region. Actually, this issue is particularly relevant since coherent diffraction imaging (CDI) of biological system using conventional methods is ultimately limited by radiation damage owing to the large amount of energy deposited in the sample by the photon beam [7, 8] .
The unique FEL features (energy range, time resolution and brilliance) can be exploited in several branches of physics, chemistry, material science and biology. In this paper, we describe the main experimental lines that can be investigated at the EuPRAXIA@SPARC_LAB FEL [9, 10] ( Figure 1 ). The EuPRAXIA@SPARC_LAB FEL will provide photon pulses with high intensity, up to 10 12 photons/pulse, down to a wavelength of about 3 nm, in the so called "water window". The foreseen pulse energy will reach 180 µJ and the bandwidth will range between 0.4% and 0.9%, according to the machine operation scheme. The pulse length will be of tens of femtoseconds. The experimental activity will be focused on the realization of a plasma driven short wavelength FEL and the first expected FEL operational mode will be based on the self amplification of spontaneous radiation (SASE) mechanism with tapered undulators. Details about foreseen beam parameters are given in [9] . The facility will also provide a high-power (0.5 PW) laser system and a TeraHertz (THz) radiation source. These sources will allow performing laser pump-FEL probe and THz pump-FEL probe experiments. Moreover, a split-and-delay element will allow laser pump-FEL probe experiments. A fully equipped experimental endstation designed to perform this variety of experiments will be designed and built. The experimental hall will be designed in order to allow the highest flexibility, optimizing the available space to perform a wide class of experiments (see Figure 2 ). All the aspects of the experimental needs will be considered, therefore next to the experimental hall a large space for the support to the experimental activities, but also for rest breaks of people working on the experiments, will be available. 
Expected Results
In this section, we present and discuss some of the results that we expect to be able to obtain owing to the peculiar features of the EuPRAXIA@SPARC_LAB facility.
Coherent Imaging of Biological Samples
FEL radiation can be used to gather information on several kinds of biological samples. Biological single particle imaging is one of the main topics of FEL research with dedicated beamlines, although the FEL intensity, the available detectors, and techniques to introduce the sample into the focused X-ray sampling position, were all insufficient to obtain (near) atomic resolution structural information from single biological macromolecules [11] . Nevertheless, recent experiments performed at LCLS showed that single-shot diffraction patterns from biological samples as small as 70 nm in diameter (e.g., the enterobacteria phage PR772 [12, 13] ) can be measured, and still at LCLS signal up to 5.9Åresolution was observed from rice dwarf virus [14] . Measurements performed at SACLA allowed recovering the electron density of chloroplast with 70 nm resolution [15] . Dataset of coherent imaging patterns have also been made available for the scientific community [16, 17] . In the specific case at hand here, thanks to the photon energy range delivered by the EuPRAXIA@SPARC_LAB FEL, coherent imaging experiments in the water window will allow obtaining structural information on cells, organelles, viruses and protein aggregates [3] [4] [5] 18] by performing measurements at room temperature and with samples staying in their native state. Exploiting the high degree of transverse coherence of the EuPRAXIA@SPARC_LAB FEL beam, which is foreseen to be between 80% and 100%, 2D images of a variety of biological samples, including bacteria (see Figure 3a) , viruses (see Figure 3b) , cells, cell organelles and protein aggregates and fibrils [19, 20] , can be obtained. The possibility of obtaining high resolution structures of fibrils in native conditions is particularly relevant to study the dynamics of their formation, which is important for both industrial/pharmaceutical [21, 22] and bio-medical [20] applications. When dealing with a class of identical objects (e.g., viruses or ribosomes), it is also possible to combine the diffraction patterns, coming from different FEL pulses hitting different elements of the class, to get a full 3D reconstruction [23] . (a) A simulated diffraction pattern and the reconstruction of the electron density of a 2 µm long spheroid, with a shape similar to that of an elongated bacterium. (b) A simulated diffraction pattern from a 600 nm diameter icosahedral virus. Simulations were performed using the software Condor [24] assuming a Gaussian-shaped beam with a diameter of 3 µm, a wavelength of 2.87 nm and a pulse intensity of 100 µJ, which is, according to simulations, the expected pulse energy delivered on the sample by an EuPRAXIA@SPARC_LAB pulse.
The attainable resolution depends on the sample's composition and size and it is limited by FEL wavelength and photon brilliance, but, thanks to the high contrast associated to the water-window energy range, the EuPRAXIA@SPARC_LAB will be a suitable facility to perform CXI measurements on a wide class of biological objects. It is worth pointing out that, when dealing with biological samples, which are mainly composed by light atoms and preferentially live in a water environment, there is a particular interest in performing measurement in the so-called water window, i.e., the energy range between carbon (282 eV) and oxygen (533 eV) K-edge. In this range, the absorption contrast between the carbon of organelles and the water of both cytoplasm and the liquid surrounding the cell is quite high. For this reason, the EuPRAXIA@SPARC_LAB will be particularly suitable to perform high-contrast imaging experiments on biological samples in their living, hydrated, native state, without the need of cooling or staining them, as is the case for other microscopy techniques such as electron microscopy.
Time-Resolved X-ray Absorption Spectroscopy in the Water Window
Besides imaging experiments, which typically require single wavelength pulses, spectroscopy experiments requiring the scan of a (limited) energy range can also be performed at a FEL.
The main advantage of performing XAS experiments at the EuPRAXIA@SPARC_LAB FEL with respect to the more compact HGG sources (as, for example, those described in [25] ) is the number of photons per pulse, which is foreseen to be as high as 10 12 photons/pulse, thus being still significantly higher than that currently achievable at HGG sources (e.g., Popmintchev et al. [26] reported a fux of more than 10 9 photons/second in the water window energy range). The high intensity of the FEL pulses will allow acquiring data with a good signal-to-noise ratio from single-shots measurements.
In this context, X-ray Absorption Spectroscopy (XAS) can be used as a tool to directly observe the molecular structure during chemical dynamics studies [27, 28] . Real time observations require indeed fast time and small spatial resolutions, which can be guaranteed by the short, intense EuPRAXIA@SPARC_LAB FEL pulses. In particular, either by tuning the undulators to the appropriate energy, or exploiting the natural jitter of the FEL radiation generated in SASE mode, the experiments performed at EuPRAXIA@SPARC_LAB will allow measuring the informative, low-energy portion of the XAS spectrum, the so-called XANES (X-ray Absorption Near Edge Spectroscopy) region. Quantitative analysis tools of XANES data are nowadays available [29, 30] including those based on first principles calculations [31] [32] [33] . Therefore, FEL-XAS measurements will become a powerful tool to provide unique information on the local geometry, electron density and spin states around selected atomic moieties [34] . Soft X-rays as the ones that will be produced by EuPRAXIA@SPARC_LAB are well suited for chemical and biological studies in the water window region. This region includes the K edge of elements such as C, N and O, and the L edge of 3d transition metals, which are of interest in many biologically relevant cases [35, 36] .
Examples of pioneering soft X-ray L-edge FEL-XAS transmission experiments include measurements of Al, Ge and Ti thin films for variable fluence (see, for example, [37] [38] [39] ). In those experiments, ultrafast electron heating pumping matter at extremely high temperatures, as well as saturable absorption effects were observed. FEL experiments were found to be extremely useful to explore highly uniform warm dense matter (WDM) conditions, a regime exceedingly difficult to reach in present laboratory studies, but relevant to various fields, including high-pressure and planetary science, astrophysics, and plasma production. Various FEL-based ultrafast techniques can be used to probe WDM properties at electron temperatures in the 1-10 eV range and beyond. Those previous results naturally call for further challenging experiments at the EuPRAXIA@SPARC_LAB FEL as well as for parallel developments of suitable interpretation schemes for modeling and understanding the X-ray absorption cross section under high-fluence conditions (see [40] and refs. therein).
For experiments near the chemically relevant carbon K edge at 284.2 eV, the EuPRAXIA@SPARC_LAB FEL can be used to study dissociation reactions of molecular cations, that until today could not been resolved in time, using transient absorption at the carbon K-edge. Moreover, XAS measurements at the L-edge of 3d transition metals provides unique information on the local metal charge and spin states by directly probing 3d-derived molecular orbitals through 2p-3d transitions. However, this soft X-ray technique has been rarely used at synchrotron facilities for mechanistic studies of metalloenzymes due to the problems with X-ray-induced sample damage and strong background signals from light elements that can dominate the low metal signal. It has been recently shown [34] that Mn L-edge absorption spectra can be collected at room temperature at a FEL. This paves the way for future structural and dynamical studies of metalloenzymes exploiting soft X-ray FEL radiation such as the one produced by EuPRAXIA@SPARC_LAB.
Time-Resolved Coherent Raman Experiments with X-ray Pulses
One of the most intriguing challenges in modern scientific research is the capability of monitoring transient atomic motions that govern physical, chemical and biological phenomena, measuring structural molecular changes of reacting species over few Ångstrom lengths on sub-picosecond timescales. The standard approach used to investigate structural dynamics is the pump-probe scheme, in which light pulses are used to first excite (pump) and subsequently interrogate (probe) a system [41] . The use of intense, ultra-short, soft X-ray radiation pulses such as those generated by the EuPRAXIA@SPARC_LAB FEL would tremendously benefit pump-probe investigations, whereof two different situations will be addressed: on the one hand, X-ray pulses can be exploited as pump pulse for stimulating chemical reactions or for generating coherent excitations, and, on the other hand, they can be used as selective probe to monitor the evolution from reactant to photoproduct.
Raman spectroscopy is a very powerful experimental tool for the detection of molecular vibrations, which are related to the force constant between atoms. In this scenario, accessing the Raman spectrum during and upon the FEL interaction would disclose any vibrational and structural modification occurring on the system under investigation. The subsequent electronic relaxation modifies the force field, generating a fragmentation of the molecule. To follow the evolution from the point of view of molecular vibrations, two crucial requirements are needed: (1) collimated signal, to avoid the luminescence background generated from the sample after the FEL interaction; and (2) sub-picosecond time resolution to follow the fragmentation process. Therefore, spontaneous Raman spectroscopies are ineffective in this exploration, due to the isotropic signal and temporal resolution [42] , compromised by the fundamental restrictions dictated by the Fourier transform limit. Femtosecond stimulated Raman scattering (FSRS) is a recently developed technique [43] [44] [45] [46] [47] , in which a femtosecond actinic pulse (AP) initiates the photochemistry of interest. The system is subsequently interrogated by a pair of overlapped pulses: the joint presence of a broadband ultrashort probe pulse (PP) and a narrowband picosecond Raman pulse (RP) induces vibrational coherences which are read out as heterodyne coherent Raman signals [48, 49] . Notably, the probed Raman features are engraved onto the highly directional PP, and, hence, SRS provides an efficient suppression of the incoherent fluorescence background. Moreover, thanks to the different temporal and spectral properties of the pulses, femtosecond SRS represents an ideal tool to study structural changes in ultrafast photophysical and photochemical processes, providing both femtosecond time precision and high spectral resolution [45, [50] [51] [52] . The narrowband RP can be generated from a two-stage optical parametric amplifier that produces tunable infrared-visible pulses, followed by spectral compression via frequency doubling in a 25 mm beta-barium borate crystal [53] . The femtosecond AP, so far in the visible spectral region, can be replaced with XUV-FEL. In this way, tuning the soft X-ray wavelength in resonance with a specific atomic absorption edge, it would be possible to selectively excite specific atoms and follow the temporal evolution of Raman mode disappearance, which depends on atomic role in molecular oscillation and the electronic coupling between atoms. From another perspective, pulses in the X-ray domain, resonant with valence excited-state transitions, can be used as probe pulses in Raman based spectroscopies, enabling to selectively isolate contributions from specific sites of molecular moieties. In particular, combining an X-ray femtosecond probe pulse, with a visible photochemical pump pulse, would give the chance to perform X-ray Impulsive Vibrational Scattering (X-IVS), in which a visible pump pulse, besides triggering a photo-reaction, stimulates vibrational coherences on the system, modulating the transmission of a temporally delayed XUV probe, at the frequencies of the coherently activated vibrations [54, 55] . For this reason, recording the transmission of the probe pulse enables real-time monitoring of Raman active modes. Fourier transforming the detected signal over the temporal delay between pump and probe recovers the transient Raman spectrum of the system under investigation. While IVS has been extensively exploited in the visible spectral region for probing ground and excited state coherences on both molecular and solid-state compounds [56, 57] , its potential in the X-ray domain is still an unexplored territory, which can be disclosed thanks to the EuPRAXIA@SPARC_LAB FEL experimental endstation. Notably, in close analogy with the atomic selectivity achieved by using a XUV pump pulse, employing a probe pulse resonant with a specific electronic transition absorption edge would provide the chance of isolating coherent atomic motions involving only the desired atomic moieties. A schematic view of a pump-probe Raman experiment is depicted in Figure 4 . Further development will be done in the field of localized dynamic studies by nano-Raman instruments. Both apertureless and fiber-based Scanning Near-field Optical Microscopy (SNOM) will be used to increase the lateral spatial resolution in the tens of nm: in this case, the excitation of the sample is kept as uniform as possible, and collection of scattered signal from local spot on the sample is conducted [58, 59] .
Another field where one can exploit the XUV photons generated by the EuPRAXIA@SPARC_LAB FEL is the study by means of coherent electronic Raman process [39] of photo-induced chemical processes represented by the detection of electronic coherences (based on a composite X-ray pulse sequence) generated during the system dynamics [60] . For example, within such a scheme, a combination of short, soft X-ray FEL pulses can be used to directly detect the passage through conical intersections (CIs). Notably, the photoinduced excited state dynamics of polyatomic molecules is often dominated by CI, regions of degeneracy between two or more electronic surfaces [61] . The dynamical behavior of molecules in the vicinity of CIs dictates the resulting photophysics and photochemistry of the molecule. Given the ubiquity and importance of CIs in all photoinduced processes, from solar energy conversion to vision, finding a direct, experimental observable of the dynamics through a CI would be a significant development in our understanding of excited state photo-induced dynamics.
Photo-Fragmentation of Molecules
Another kind of applications that would largely benefit from the peculiar features of the EuPRAXIA@SPARC_LAB FEL radiation is represented by the wide class of experiments aimed at studying the interaction of intense radiation pulses with molecules. How organic and biological molecules redistribute the energy of absorbed light is indeed a key fundamental question in organic chemistry and biology which time-resolved experiment can help to settle [62] [63] [64] [65] [66] [67] . This class of experiments will help understanding the basic mechanisms of photo-protection/damage of amino acids [68] , proteins and DNA/RNA [69] . XUV or X-rays pump laser pulses of low intensity with a few femtoseconds duration contain photons ranging up to hundreds of eV. Single-photon ionization is a dominant absorption channel triggering the ultrafast charge migration process in the parent cation. Probing the resulting non-equilibrium dynamics using short, intense pulses such as those produced by the EuPRAXIA@SPARC_LAB FEL at delays varying on the femtosecond timescale allows resolving in real-time the electron density through time-resolved imaging [70] [71] [72] [73] [74] .
An example of what can be seen in a photo-fragmentation experiment as it will be implemented at EuPRAXIA@SPARC_LAB FEL is given in Figure 5 . In particular, we display the real-space distribution of the molecular charge at six representative times of the phenylalanine amino acid after illumination with an ionizing XUV 300-as pulse. 
Resonant Inelastic X-ray Scattering
In atomic inner shell spectroscopy, spectra can show peculiar characteristics associated with a variety of different scattering interactions. When atoms are irradiated with incident energy lower but close to an absorption edge, scattering peaks appear due to an inelastic process known as Resonant Inelastic X-ray Scattering (RIXS) or X-ray Resonant Raman Scattering [75] . These RIXS peaks display typical features, such as a characteristic long-tail spreading to the region of lower energy. This scattering process is a high demanding photon flux. In general, RIXS experiments are carried out at synchrotron facilities using high-resolution spectrometers for detecting the scattering signal. Nevertheless, in recent years, RIXS has been observed using an Energy Dispersive Setup (EDS) with synchrotron radiation. The analysis of the collected signal shows that hidden on the peak tails there is valuable information about the chemical environment of the atom under study [76] . During the last decade, several works have been published showing the first applications of a novel RIXS tool (named EDIXS) for the discrimination, determination and characterization of chemical environments in a variety of samples and irradiation geometries and even combined with other spectroscopic techniques [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] . Due to its versatility, EDIXS was applied in the typical 45 • -45 • setup for inspection of the material bulk, in total reflection for the study of the most external atomic layers of a sample, in grazing incidence used for depth resolved chemical speciation analysis and even in confocal setup to obtain chemical state information in a 3D regime, reaching nanometric spatial resolution. Owing to the EDIXS high sensitivity, this technique can be extended to the study of local chemical environments with applications in many field of science, as geology, chemistry, physics, material science and industry, etc., where a precise quantification of different compounds is required [79] . This methodology is fast, reliable and straightforward. It has several benefits compared with other spectroscopic techniques, such as fast acquisition, low self-absorption and the avoidance of any energy scan during the measurements. A remarkable field of application of EDIXS is in the context of pulsed X-ray sources, e.g., FELs. Besides the application of EDIXS for fast structural characterization of materials, this tool allows time-resolved investigations of a variety of atomic processes and of the dynamics of samples of interest exposed, for example, to changing conditions of temperature, atmosphere, pressure, etc. Previous results regarding time-resolved discrimination of chemical environments [80] have showed time resolution of the order of the second when monochromatic synchrotron radiation was used (flux ∼10 8 ph/s). Due to the higher FEL photon flux, we expect to obtaining sub-second, and even millisecond, time-resolved experiments when a FEL source is used. This kind of (very) fast characterizations are currently impossible to achieve by conventional methods. Even non-conventional sources (storage rings) employing traditional techniques for atomic environment analysis (EXAFS, XANES, etc.) are useless in time-resolved spectroscopy because of the need of energy scan. This limitation establishes an ultimate frontier for these techniques that cannot be overcome during time dependent measurements. At this point, the one-shot character of EDIXS makes a crucial difference in favor of it. There are a variety of relevant cases to study with time-resolved EDIXS, both in basic research and in applications to the industry and technology fields. As for the multiple applications of time-resolved EDIXS using the EuPRAXIA@SPARC_LAB FEL (with produces photons with a maximum energy of ∼415 eV) as basic research, we mention the analysis of nitrogen and carbon states in the evolution of biological systems, for example in the study of the role of nitrogen during photosynthesis and of the chemical state of carbon during cell divisions. Concerning technological and industrial applications, a wide range of opportunities exists, since carbon plays a role in many situations. Just to mention a few of them: diamond structural variations under high conditions of pressure or graphene and complex carbon structures reactions to external excitations. The key element at the basis of the feasibility of all the RIXS experiments we have illustrated is the combination of a fast time resolution technique with the EuPRAXIA@SPARC_LAB source, delivering extremely high photon fluxes.
THz/MIR Sources
The interest in THz radiation is recognized since many years for its potential to advance research in several scientific fields. In addition, THz research has many industrial prospects, so that THz activities may offer potential spin-off not only associated to condensed matter basic research, e.g., semiconductor and superconductors materials, whose characterization may have a direct impact on many technologies, but also in R&D of detectors and imaging. A great expectation for industry is the development of imaging for biomedical applications and security issues.
THz radiation lies between the photonic and the electronic bands of the electromagnetic spectrum, and it extends from 300 GHz up to 10 THz. THz is non-ionizing and highly penetrating in a large variety of dielectric materials, e.g., plastic, ceramics, and paper. The wavelength of the THz radiation is of the order of many important physical, chemical and biological processes (see Figure 6 ), including superconducting gaps, exotic electronic transitions and protein dynamical processes. The THz part of the spectrum is energetically equivalent to many important physical, chemical and biological processes including superconducting gaps, exotic electronic transitions and protein dynamical processes. Recently, a new generation of sources, based on particle accelerators, allows increasing the average and peak power, by many orders of magnitude, and extends the spectral range up to the Mid-Infrared (100 THz, Middle-InfraRed (MIR)), making the whole spectral region accessible to different frequency-and time-domain experiments. Indeed, a linac-driven THz/MIR source can deliver broadband pulses with femtosecond shaping, and with the possibility to store a high energy in a single pulse [87] . In addition, taking advantage of electron beam manipulation techniques, high power, narrow-band radiation can be also generated [88] . Finally, high brightness electron beams also permit the possibility to extend the emission towards the MIR, having a unique source covering three decades in wavelength from 1000 microns to 1 micron. This provides a unique chance to realize THz/MIR-pump/THz/MIR probe spectroscopy, a technique essentially unexplored up to now.
The potential of THz and MIR frequency and time domains spectroscopies are displayed in Figure 6 , where we show a not exhaustive review of excitations whose characteristic energy are in resonance with those of specific processes. An electromagnetic source can be characterized in terms of time duration, field strength, pulse shape, bandwidth and frequency. Their choice depends on the class of experiments of interest. An effective THz/MIR source should have higher peak fields, from 100 kV/cm to 50 MV/cm, the coverage of a spectral range up to a frequency of 100 THz, a full pulse shaping and a sub-ps duration. The THz/MIR source at EuPRAXIA@SPARC_LAB will be designed to achieve these requirements.
THz/MIR radiation will be generated at EuPRAXIA@SPARC_LAB through different production schemes based on ultra-short, i.e., ≈10-100 fs, electron bunches. Two beam lines are considered in the first phase of the EuPRAXIA@SPARC_LAB project: one at low energy, i.e., 30-50 MeV, and the second one at higher energy, i.e., 1 GeV, in proximity of the FEL extraction site (see Figure 2) .
Being produced by the same electron beam, these two sources are naturally synchronized on few femtosecond time scales. To perform THz pump X-ray probe experiments, we plan to take advantage of laser-based THz streaking, which effectively phase-locks a single-cycle THz pulse to the X-ray pulse. This technique simultaneously clocks the arrival time of the two sources and allows the measurement of the X-ray pulse temporal profile with a precision of tens of femtoseconds.
The first beamline, consisting of a THz/MIR SASE FEL able to emit quasi-monochromatic and fully polarized (with variable polarization), radiation from THz to MIR, will be optimized for experiments involving high peak power and narrow band THz/MIR radiation. The second beamline will combine the Coherent Diffraction Radiation [89] , emitted from a rectangular slit in a metallic screen, to the VUV/X SASE FEL radiation to perform THz pump X-ray probe experiments.
Coherent Transition and Diffraction Radiation (CTR and CDR, respectively) are the chosen production mechanisms at high electron beam energy, i.e., ∼GeV scale, with the advantage of a broadband spectrum up to several THz depending on how short the bunch duration is. In the case of CDR, a further advantage is represented by the non-disruptiveness for the electron beam [90] . Both electron and THz representative radiation parameters are reported in Table 1 . Table 1 . Electron beam and THz source parameters from CDR.
Beam Parameters
Source Parameters
At low electron beam energy, around 30 and 50 MeV, a SASE FEL operating in the MIR/THz range has been considered for the generation of highly intense narrow band, tunable radiation. A SPARC-like undulator [91] (2.8 cm period, K parameter (K = eB 0 λ u 2πmc , with B 0 the magnetic field on axis and λ u the undulator period; e and m are the electron charge and mass, and c the speed of light in vacuum) of 1.2) with variable gap has been considered for the calculation of MIR/THz radiation based on GPT simulations [92] for the electron beam dynamics and Ming Xie formulas [93] for the SASE FEL performances; saturation occurs within 5 m of undulator length. Both electron beam and MIR/THz radiation parameters are listed in Table 2 . Table 2 . Electron beam and MIR/THz source parameters from a MIR SASE FEL.
The magnetic structure of the undulator will be optimized to provide fully polarized light. The polarization can be modfied from linear, circular, elliptical, to more complex structures such as helicoidal polarization. These polarization states, which are absolutely unconventional for THz and MIR lights and of difficult realization with thermal-and laser-based sources, will provide the possibility to pump exotic modes such as skyrmions in magnetic systems, Weyl and Dirac fermions [94] in non-trivial quantum matter, and Higgs and Legett modes in multi-gap superconductors and charge-density wave materials. Experiments in which all phonon modes of exotic systems can be selectively pumped will be also accessible, opening the possibility to control the lattice structure on the ps-scale and, consequently, to modulate the electronic ground state of the systems [95] . Localized dinamical spectroscopic imaging will be performed by THz apertureless-SNOM, where the tip's antenna function will allow performing imaging with a lateral resolution well below 1 micron [96] .
Discussion and Conclusions
In this paper, we summarize the main experimental lines of investigation that can be implemented at the EuPRAXIA@SPARC_LAB FEL exploiting its ultra-short, bright FEL pulses generated in the "water-window". The realization of the EuPRAXIA@SPARC_LAB infrastructure will allow INFN to consolidate a strong scientific, technological and industrial role in a competing international context. To exploit at best the features of this compact machine, a great effort will have to be addressed in developing, designing and assembling all the optical components necessary to deliver the FEL photons to the user endstation and in developing and characterizing detectors able to optimize the signal-to-noise ratio for all the foreseen classes of experiments. We are confident that the EuPRAXIA@SPARC_LAB photon source, with its multi-purpose beamline, designed and equipped to perform the classes of experiments highlighted in this paper, will be highly beneficial for the national and international community of FEL radiation users.
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